From an operations standpoint, the most important task of a traffic surveillance system is determining reliably whether the facility is free flowing or congested. The second most important task is responding rapidly when the facility becomes congested. These tasks are complicated by the fact that conventional vehicle detectors only monitor discrete points along the roadway. The detectors are typically placed at least 0.5 km apart and conditions between the detectors must be inferred from the local measurements. It can take several minutes before an incident between detectors is observable in the point measurements and even longer to differentiate between noise and a true incident. To address such issues, this paper uses existing detector stations to match vehicle measurements between stations and monitor the entire roadway.
INTRODUCTION
Traditional traffic surveillance strategies use loop detectors to calculate aggregate measures, such as flow and occupancy, at discrete locations on a freeway. Typically, these point measurements are assumed to be representative of extended links spanning detectors. This assumption is usually not valid when the facility becomes congested, e.g., when an incident occurs between two detector stations it can take several minutes before speeds drop at either of the stations.
The limitation of point data has spurred interest in vehicle reidentification techniques, which match the observations of the same vehicle at successive detector stations, e.g., [1] [2] [3] [4] . All of these earlier works require new detector hardware to extract detailed vehicle signatures. Often times, these advanced technologies are developed without consideration for the general goals of traffic surveillance, and as a result, an operating agency may risk investing in an expensive surveillance system to capture extraneous information. The systems also risk discarding useful information, e.g., in some cases, the tools collect link data but are not capable of measuring point data.
From an operations standpoint, the most important task of a surveillance system is determining reliably whether the facility is free flowing or congested. Conventional loop detectors meet this goal, but the response time to delays between detector stations can be excessive [5] . Some of the advanced surveillance technologies promise to satisfy all of these tasks, but they have yet to see widespread deployment. In contrast to investing in new detector hardware, earlier work by our group developed a methodology to match vehicle measurements between conventional dual loop detector stations during free flow conditions [6] . This paper extends the work to single loop detectors using the standard bivalent measurements. Key to the new approach is the ability to estimate vehicle lengths accurately [7] .
The algorithm identifies relatively distinct vehicles, i.e., long vehicles, at the downstream detector station and then for each of these vehicles it looks for a similar vehicle in the same lane at the upstream station within a time window of reasonable free flow travel times. Thus, if traffic is free flowing over the link between detectors, this approach will usually find a match in the time window. If the freeway is congested, vehicles will be delayed and the true match for a vehicle will not be found in the time window. In the event a match is found the algorithm can also calculate that vehicle's travel time by taking the difference in the vehicle's arrival time at the two locations. In other words, the algorithm is capable of reporting free flow travel times or that "traffic is not free flowing".
IS TRAFFIC FREE FLOWING?
All vehicles that traverse a link between two detector stations must, by definition, pass both stations. For these vehicles, every downstream observation should have a corresponding upstream observation and the time between these two observations is simply that vehicle's link travel time. These travel times are not known a-priori; however, if the vehicle travels at free flow velocities over the entire link, the travel time must fall within a known range of free flow travel times. This concept is illustrated in Figure 1 . For the present study, the free flow travel time range is defined as follows: To keep the search window as short as possible, while also being able to accept a wide range of free flow velocities, Equation 1 will select the assumed velocity range to be [72, 88] km/h if v<72 km/h and v±16 km/h if v>88 km/h. These constants were determined empirically, but they have proven robust when applied to many different freeway links.
Chang and Kao [8] suggest that at most locations, lane change maneuvers are relatively infrequent during free flow conditions and the experimental results in subsequent sections support this observation. So a free flow vehicle observed at the downstream station will usually have a corresponding observation at the upstream station in the same lane, in the time window bound by ttR 0 . Congestion will disrupt this relationship, both because the travel time will increase beyond the free flow travel time range and because there may be an increase in lane change maneuvers, particularly if one or more lanes are blocked.
PARAMETER MEASUREMENT
For a given downstream vehicle, many upstream vehicles may be observed in the corresponding time range. Estimated vehicle length, as defined in [7] and summarized in this section, is used to differentiate between vehicles. For each vehicle at each detector, the algorithm estimates velocity, v, with the following equation, 
The length range, LR, is defined as,
min length est, max length est 0 995 1 045 . , .ˆ (4) and the measurement uncertainty is defined as the difference between the maximum and minimum length estimates. Of course the occasional measurement error will result in an erroneous LR for that vehicle, but the methodology was specifically designed to accommodate these errors.
Next, the algorithm compares length estimates between detector stations. If the length range for a downstream observation overlaps that of an upstream observation, then the two observations may have come from the same vehicle. Otherwise the result of the pair-wise comparison can be dismissed as an unlikely match because even allowing for the measurement uncertainty the two ranges do not intersect.
Most observations are passenger vehicles and their lengths fall in a small range, e.g., roughly 80 percent of the observations fall between 5 m and 7 m for the data used in this study. It is difficult to differentiate between these short vehicles. In contrast, some length observations are as long as 24 m. The large range of feasible lengths and the lower frequency of observations for the long vehicles make it possible to differentiate between them.
ALGORITHM IMPLEMENTATION
Using an example to illustrate the algorithm implementation, we consider a 0.55 km freeway segment from the Berkeley Highway Laboratory [9] . This facility is equipped with eight dual loop detector stations. We use a single loop at two neighboring stations to demonstrate the methodology and then verify the results using the corresponding dual loop data [6] .
To Obviously, a free flow vehicle will not have a match in the same lane if the vehicle changed lanes, entered the freeway between detectors, or because of a misdetection at one of the stations. On the other hand, a delayed vehicle should not have a match, but a false positive may fall within the time window. To eliminate most of these false positives, possible matches are suppressed in subsequent stages of the algorithm if there are fewer than two possible matches in the preceding six trials (including any suppressed matches). Next, we take a moving average of the 10 most recent outcomes (including the current outcome). Figure 2A shows this moving average for just over 20 hours of data from the single loop detectors. For reference, Figure 2B shows the corresponding averages using the dual loop data. Applying a threshold to these data, Figure 3 shows the travel times for all of the long vehicles that had a possible match and a moving average over 0.2 in Figure 2 .
The goal of the algorithm is to detect when travel times start to increase. The onset of congestion is characterized by a dramatic increase in link travel times. When this occurs, the true travel times will not fall within the range specified by Equation 1.
Notice that the single loop algorithm found few fast matches between 6 and 10 hours, which corresponds to the same time range when the dual loop algorithm found few matches. The lack of matches in this case is due to the fact that a downstream queue overruns the segment. Although the measured travel times in Figure 3 are useful for traffic surveillance, the true diagnostic power of the method comes from the moving average in Figure 2 . The free flow periods are characterized by high average values and congested periods by low average values.
Looking closer at the travel times in Figure 3 , there is a transition period as the queue first overruns the downstream detector and eventually covers the entire link. This transition is characterized by increasing travel times, as can be seen just after 6 hours.
In an attempt to capture the increasing delays during the transition, one can define additional travel time ranges (ttR's), each one with a slower link velocity than its predecessor and use the same methodology outlined above for these new ttR's. Using dual loop data, earlier work has shown that as the queue grows across the link, the true travel times will pass from one ttR to the next [6] . The onset of congestion can then be identified as the instant the fastest ttR, i.e.ttR 0 , ceases to contain highest moving average among all of the ttR's.
LIMITATIONS AT SINGLE LOOP DETECTORS
The use of Equation 3 requires the assumption that most vehicles in the moving median have a length close to L. Close examination of Figure 2A reveals at least two cases near 14 hours where this assumption breaks down and the moving average drops even though traffic is free flowing. Figure 4A shows a detail of this moving average. Figure 4B shows the corresponding measured and estimated lengths at the downstream detector. Notice that many successive long vehicles passed, resulting in a low velocity estimate, shown in Figure 4C , and thus, a low length estimate. This error prevented the algorithm from finding matches for the long vehicles and impacted the moving average for several following vehicles because even after the velocity estimate recovered, several possible matches were suppressed due to the low frequency earlier matches. Fortunately, these velocity errors can be identified using a slightly more sophisticated estimation process, e.g., using occupancy to help identify free flow periods at the detector and set the velocity estimate accordingly [10] .
CONCLUSIONS
This paper has developed a new traffic surveillance strategy using existing single loop detectors. Rather than reporting local conditions at the detectors, the strategy identifies periods when the link between two detector stations becomes congested. Unlike most surveillance strategies that attempt to match vehicle measurements between detector stations, this work is compatible with the existing detector infrastructure.
To place the work in context, the algorithm has a lower reidentification rate than the other methods that require new hardware, but perhaps the higher rate is not necessary. One could view the algorithm as a low cost means to investigate the benefits of vehicle reidentification and travel time data before investing in a new surveillance system. In any event, the algorithm is intended to augment, rather than supplant, conventional point detector measurements. By combining point detector data with the new link data, it should be possible to identify transients in either data set and improve performance beyond what would be possible with just one of these data sets. 
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